ABSTRACT: Oxygen vacancy is intrinsically coupled with magnetic, electronic and transport properties of transition-metal oxide materials and directly determines their multifunctionality.
INTRODUCTION
Transition-metal oxides possess a wide spectrum of electronic and magnetic properties, including high-temperature superconductivity, multiferroicity and Mott metal-insulator transition (MIT). [1] [2] [3] The multiple nearly degenerate ground states render them extremely sensitive to perturbations, ideal for understanding various quantum physics of strongly correlated electrons. In particular, the rich phase diagrams of perovskite nickelates (RNiO 3 , where R represents rare earth lanthanide elements) are of great importance for both materials physics and oxide electronics. [4] [5] [6] [7] [8] [9] [10] [11] They usually show a thermally driven first order MIT at temperature T MI and a paramagneticantiferromagnetic transition at the Neel temperature (T N ). The high-temperature metallic phase is believed to be due to ∆< , 12 where ∆ and W are the charge-transfer energy and the O 2p-Ni 3d
hybridization strength or covalence bandwidth, respectively. As for the low-temperature insulating phase, the mechanism is still under debate though it was recently proposed that partial charge disproportionation among the Ni sites lowers the potential energy and gaps the Fermi surface. [13] [14] [15] [16] Both theoretical and experimental studies reveal that the band gap opening due to charge disproportionation is at a few hundred millivolts, 4, 14 leading to a moderate change in conductivity of one to two orders of magnitude.
One of the widely studied nickelates is NdNiO 3 (NNO), 7, 11, 17 which exhibits MIT at ~200 K in bulk. Earlier studies focused on band filling control by chemical doping and electric-field effect. [18] [19] [20] [21] Hole-doping by partial substitution of Ca 2+ or Sr 2+ for Nd 3+ resulted in the closure of the charge-transfer gap and lowered T MI . 19 Field-effect control of MIT in NNO films is challenging because of the high carrier concentration of ~ 10 22 cm -3 in the metallic phase at room temperature. 20 Recently, bandwidth-controlled MIT was realized in NNO films by varying the charge transfer energy and covalence bandwidth using strain. 7, 22 Furthermore, dimensionality effect has also been investigated and the crossover from 3D to 2D can stabilize room temperature insulating phase. 23 However, these effects only exist in ultra-thin highly strained films, dramatically limiting their applications in various devices.
Oxygen vacancy, intrinsic to perovskite oxides, plays a major role in the electronic and magnetic properties of strongly correlated systems. [24] [25] [26] [27] [28] [29] [30] substrates by using pulsed laser deposition (PLD) method. During the deposition, the substrate temperature was kept at 630 ºC and growth oxygen pressure was kept at 40 Pa. After deposition, we raised the oxygen pressure to 10 kPa and then the samples were cooled down to room temperature. To introduce oxygen vacancies, the films were annealed in the PLD chamber under 5*10 -4 Pa vacuum for 20 min at 120 ºC, 150 ºC, 180 ºC, 210 ºC , 240 ºC , 270 ºC and 300 ºC, respectively. To eliminate oxygen vacancies, the films were annealed in the PLD chamber under 10 4 Pa oxygen environments for 20 min at 300 ºC. The surface morphology of the films was examined by atomic force microscope (AFM). X-ray diffraction measurements were performed using a Rigaku SmartLab instrument.
Electrical and magnetic measurements. In-plane transport property of the nickelates films were investigated using a 14 T PPMS (physical properties measurement system, Quantum Design) in the temperature range of 1.9-400 K. Linear four point geometry with Pt top electrodes was used. An Oxford Instruments system was also used to measure the sheet resistances of vacuum annealed nickelates films. In this case, a Keithley 220 current source and a Keithley 2700 multimeter were used. When the sheet resistance of the vacuum annealed nickelates film was above 200 MΩ, two point measurements were conducted using a pA metre/direct current (DC) voltage source (Hewlett Package 4140B) on a low noise probe station. The magnetic field was applied along the film surface when measuring the magnetic properties in the PPMS with a vibrating sample magnetometer.
Hall measurements. The 80 u.c. NNO films after annealing at different temperatures were patterned into hall bar structures using optical lithography and Ar-ion beam etching technique.
The width and length of the bar is 50 µm and 550 µm, respectively. An external perpendicular magnetic field was applied while an AC current was used to measure the Hall resistivity. The AC frequency was 103 Hz and the duration was 5 s. All hall measurements were performed using PPMS system at room temperature.
X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements. XPS and UPS measurements were performed in a home-built UHV multi-chamber system with base pressure better than 1 × 10 −9 torr. The XPS source was monochromatic Al Kα with photon energy at 1486.7 eV. The UPS source was from a helium discharge lamp (hν = 21.2 eV). The photoelectrons were measured using an electron analyzer (Omicron EA125). All the measured spectra were adjusted with Shirley type background, shifted with respect to carbon (C-C) XPS peak position due to charging.
Absorption spectra and photovoltaic effect measurements. The absorption spectra measurements were performed by using a UV-Vis-NIR spectrometer (200-2000 nm). In order to avoid the influence of STO absorption edge (~380 nm), we only varied the wavelength from 400 to 2000 nm. The scan rate was about 160 nm/min. The optical bandgap E g can be determined from the absorption coefficient α, calculated according to Tauc plot following αE =A(E-E g ) n ,
where α is the absorption coefficient, E is the photon energy, A is a constant, and n is equal to 
RESULTS AND DISCUSSION
A set of NNO films ranging from 10 to 240 unit cells (u.c.) were grown on STO substrates using pulsed laser deposition. Although T MI varies with film thickness, all of the as-grown films
show metallic behavior at room temperature ( Figure S1 ).
Oxygen vacancy induced metal-insulator transition and huge resistance switching. understanding, below we focus on NNO to interpret the behind mechanism. Comparing the vacuum annealed films with the as-grown one, the (002) x-ray diffraction peak shifts towards smaller angle (Figure 2a) , indicating the increase of c lattice constant after vacuum annealing.
Furthermore, the NNO films also change from black to semitransparent after vacuum annealing (the inset of Figure 2b ). This is consistent with the band gap opening as revealed by the absorption spectra shown in Figure 2b . An optical gap of 1.86 eV was deduced for NNO films vacuum annealed at 300 ℃. In order to better understand the effect of oxygen vacancies, we turn to X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements. From Ni 2p XPS (Figure 3a) , the spectral line shapes of vacuum annealed samples indicate the gradual Ni 3+ →Ni 2+ valence change. 34 For example, the peak of Ni 2p3/2 at 853.9 eV reflects the dominance of Ni 2+ in NNO film vacuum annealed at 300 ℃ (the inset of Figure 3a) . 35 Further analysis is presented in Figure S5 . A direct consequence of the model we proposed is that the magnetization of NNO films should increase due to the high spin of Ni 2+ ( 2 6 2 ), 14 as shown in Figure 4a . This was confirmed by measuring the magnetic property of an 80 u.c. NNO film before and after vacuum annealing at 300 ℃ using a vibrating sample magnetometer (VSM). Pronounced hysteretic loop is observed even at room temperature after vacuum annealing (Figure 4b) . The saturation magnetization increases from 5.1 emu/cm 3 for the as-grown film to 51.3 emu/cm 3 after vacuum annealing at 300 ℃. The weak magnetization of the as-grown NNO films likely comes from the spin canting effect, which has been proven by both theoretical and experimental studies. 40 The increased magnetization of NNO films annealed in vacuum should correlate with the oxygen vacancy. Oxygen vacancy not only induces the gradual Ni 3+ →Ni 2+ valence change (XPS data shown in Figure 3a ), but also changes the environment of Ni ions from oxygen octahedral to tetragonal pyramid. This changes the Ni e g orbital occupation and may affect the magnetic order. 
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This material is available free of charge via the Internet at http://pubs.acs.org. illumination. PCE is defined as PCE=V OC *J SC *FF/P in , where FF is the filling factor, P in is the input power density (150 mW/cm 2 ). The details of the devices are shown in Table 1 . Film thickness plays an important role in the properties of RNiO 3 films. [1] [2] [3] [4] As shown in Figure   S1a , all of the as-grown NNO films show metallic behavior at room temperature. Figure S1b shows the room temperature R sheet change after annealing as a function of NNO film thickness.
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TABLES AND TABLE CAPTIONS
The room temperature R sheet of 10 u.c. NNO film increases by six orders of magnitude after being annealed at 180 ℃ for 20 minutes. With further annealing at higher temperature, R sheet gradually saturates. For the thickest NNO film, although the room temperature metallic behavior is changed to insulating behavior after annealing in vacuum at 300 ℃, only two orders of magnitude modulation in R sheet at room temperature was observed. Moreover, after annealing in grown and vacuum annealed samples, as shown in Figure S5 . In fact, CT calculation was also reported on other transition metal systems, such as the Mn:Ge(111) interfaces. 6 For the case of as-grown sample, the calculated CT (shaded area) curve (upper panel in Figure S5 ) is obtained with Δ =2.5 eV, U = 7 eV, and Q pd = 9 eV. Calculated CT curve (shaded area) for the sample with the state of V(a)300℃ has been obtained (lower panel in Figure S5 ) by setting Δ =3.25 eV, U = 7.4 eV, and Q pd =10.6 eV. These findings are consistent with those obtained on NiO systems. 7, 8 Δ, U, Q pd for the insulating state (vacuum annealed sample) is 0.75, 0.4 and 1.6 eV higher than the metallic state (as-grown sample) and it roughly scales the gap and hence discriminates the two systems. In addition to this, the spin orbit split of as-grown sample (17.7 eV) is quenched to 17.5 eV for the sample with the state of V(a)300℃, as a signature of transition to Ni 2+ of NiO-like system. Figure S6 . Diamagnetism of the bare STO substrates. We have also measured the magnetic properties of the bare STO substrate. No obvious change in the magnetic properties has been observed before and after the annealing process (at 300℃), as shown in the following Figure S6 .
Therefore, the possible contribution from the substrate to the change of the magnetic properties can be ruled out in our work.
